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Abstract. Usually, soils with mainly fine grain-sized content, as loess, are considered to have low liquefaction 
potential. Regardless of this, many researchers have analyzed and presented much field evidence that silty 
soil (in particular loess) liquefaction occurred under certain conditions. In Bulgaria, the first loess river ter-
race (T1) within the Danube River lowland areas is covered by low plasticity silty loess with a thickness of 
10–12 m. Тhe groundwater level is often located between 5 m and 8 m in depth so that substantial part of loess 
deposits are saturated and immersed. Meanwhile, that region of North Bulgaria is under the influence of the 
Vrancea seismic zone in Romania, which is able to generate strong earthquakes with magnitudes M≥7.0. The 
present paper aims to assess the liquefaction potential of loess in a ground profile representative of the T1 loess 
river terraces by the so-called simplified procedure based on SPT, which is incorporated in the software code 
NovoLiq. The safety factor against liquefaction FSL is estimated at the respective depths in one-dimensional 
model of the ground profile for free-field conditions at varying peak ground accelerations amax. The critical 
amax, at which liquefaction of loess is possible according to the assumptions of the applied simplified proce-
dure and the requirements of the National Annex of Bulgaria to Eurocode 8, has been established.
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INTRODUCTION

Usually, soils with mainly fine grain-sized content, 
as loess, are considered to have low liquefaction po-
tential. Regardless of this, many researchers have 
analyzed and provided numerous field examples, 
mostly from China, that loess liquefaction occurred 
under certain conditions (e.g., Wang et al., 2004, 
2014; Pei et al., 2017). Observations following 
earthquakes in China indicated that many cohesive 
soils had liquefied (Wang, 1979, 1984). These co-
hesive soils had clay fraction less than 20%, liquid 
limit (LL) between 21% and 35%, plasticity index 
(PI) between 4% and 14%, and water content (w) 
greater than 90% of their liquid limit (Wang, 1979). 

Liquefaction of soils with up to 70% fines and 10% 
clay fraction during the Mino-Owar, Tohankai, and 
Fukui earthquakes was reported by Kishida (1969). 
Wang et al. (2007) investigated the liquefaction 
susceptibility of saturated loess (with PI from 7.2% 
to 9%) and fine sand from an airport site near Lan-
zhou, China. Their study showed that loess was 
more susceptible to liquefaction than fine sand.

Perlea et al. (1999) adapted the Chinese criteria 
to ASTM definitions of soil properties (Fig. 1). Soils 
that fall below the line defined by w = 0.87×LL and 
LL = 33.5% in Fig. 1 are considered susceptible to 
liquefaction.

Seed et al. (1983) suggested that some soils with 
fines (<0.075 mm) may be susceptible to lique-
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faction if they meet the following characteristics 
(based on the Chinese criteria): percentage of 
particles finer than 0.005 mm <15 %; LL<35%; 
and w>0.90×LL. Based on the case histories and 
theory, Andrews and Martin (2000) reinforced and 
refined the criteria outlined by Seed et al. (1983) 
for silty soils’ liquefaction susceptibility as shown 
in Table 1.

Karastanev (1998) reported results of cyclic 
undrained triaxial tests of low plasticity silt soil 
(typical loess from North Bulgaria). The tests were 
carried out with undisturbed samples having three 
saturation degrees Sr of 0.30, 0.54, and ≥0.96. The 
obtained results (Fig. 2) indicated considerable loss 
of dynamic resistance of saturated loess at seismic 
impact. Berov et al. (2017) classified the loess de-
posits in the Danube plain (North Bulgaria) as prone 
to liquefaction.

Idriss and Boulanger (2008) investigated the 
liquefaction of soils with fines and showed that 
fine-grained soils with more than 50% grains pass-
ing 0.075 mm can be reasonably grouped into soils 
that exhibit either sand-like stress-strain behavior or 
clay-like stress-strain behavior during monotonic 
and cyclic undrained shear loading.

Prakash and Puri (2010) reviewed literature 
with recommendations on liquefaction of soils with 
fines. They concluded that silts and silt-clay mix-
tures can be prone to liquefaction under certain con-
ditions, and meanwhile no definite guidelines are 
available to ascertain liquefaction susceptibility of 
fine soils based on a simple test, as for sands. Thus, 
more work is needed, and probably in a few decades 
we will have a good understanding of the liquefac-
tion behavior of fine grained soils.

In Bulgaria, loess forms an almost continu-
ous cover in North Bulgaria south of the Danube 
River. It was formed during the Pleistocene and 
has eolian genesis (Evlogiev, 2019). In general, 
the main geotechnical properties of the Bulgarian 
loess are similar to loess deposits in other parts 
of the world, i.e., high content of silt particles 
(0.075–0.002 mm), high porosity due to the loose 
soil structure, high water sensitivity, and severe 
ground collapse induced by wetting with/without 
construction loading.

Fig 1. Chinese criteria for susceptibility to liquefaction adapt-
ed to ASTM definitions of soil properties (after Perlea et al., 
1999).

Table 1
Modified criteria of Seed et al. (1983) for susceptibility to liquefaction of silty soils (Andrews 
and Martin, 2000)

LL* < 32% LL > 32%

Clay content** <10% susceptible further studies required

Clay content ≥10% further studies required not susceptible

* LL determined by Casagrande-type apparatus
** Clay particles (<0.002 mm)

Fig. 2. Cyclic stress ratio σdp/2σ3 versus number of loading cy-
cles N causing initial failure (liquefaction) for low-plasticity 
silty loess with different degrees of saturation: 1 – Sr = 0.30; 
2 – Sr = 0.54; 3 – Sr ≥ 0.96 (after Karastanev, 1998).
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The so-called first loess river terrace (T1) within 
the Danube lowland areas is covered by low plastic-
ity silty loess with a thickness of 10–12 m (Petrova, 
2009; Evlogiev, 2019). Тhe groundwater level is 
often located between 5–8 m in depth so that a sub-
stantial part of the loess deposits are saturated and 
immersed. Meanwhile, that region of North Bul-
garia is under the influence of the Vrancea seismic 
zone in Romania, which has been able to generate 
strong earthquakes with magnitudes M≥7.0.

Taking into account the above considerations, 
the present paper aims to assess the liquefaction po-
tential of loess from the T1 loess river terraces with-
in the Danube lowlands in North Bulgaria, based 
on the widely used throughout the world simplified 
procedure. This simplified procedure was originally 
developed by Seed and Idriss (1971), Seed et al. 
(1983), using blow counts from the Standard Pen-
etration Test (SPT) correlated with a parameter rep-
resenting the seismic resistance of the soil (i.e., the 
Cyclic Resistance Ratio). The procedure was slight-
ly modified by Youd and Idriss, (1997) and Youd 
et al., (2001), and further updated by Cetin et al. 
(2004) and Idriss and Boulanger (2008, 2010). The 
simplified procedure is essentially incorporated in 
EN 1998-5:2004 (Fardis et al., 2005) for identifica-
tion of potentially liquefiable soils and assessment 
of liquefaction hazard.

METHODOLOGY

The assessment of the liquefaction hazard in the 
simplified procedure is undertaken by compar-
ing the specific action effect at a given depth, des-
ignated as Cyclic Stress Ratio (CSR), induced by 
particular design earthquake with the soil resistance 
against liquefaction at that depth, designated as Cy-
clic Resistance Ratio (CRR). Hence, the ratio

is denoted as safety factor against liquefaction FSL 
at the respective depths in a one-dimensional mod-
el of the soil profile. At depths where FSL<1, the 
hazard of liquefaction is likely, and unlikely where 
FSL>1 for the particular seismic action.

The Cyclic Stress Ratio (CSR) shows the effect 
of the design earthquake (with a specific magni-
tude) at the respective ground depth. It is expressed 
as follows:

                         ,

where: τmax is maximum earthquake-induced shear 
stress [kPa]; and σ ′v0 is effective vertical overburden 
stress [kPa] at the respective depth. The reference 
stress level of 0.65 was selected by Seed and Idriss 
(1967) and has been in use since then (Boulanger 
and Idriss, 2014). The value of τmax can be estimated 
by different dynamic response tests, which are usu-
ally complicated and time-consuming. As alterna-
tive, Seed and Idriss (1971) formulated the follow-
ing equation for CSR estimation:

                                  ,

where: σv0 is total vertical overburden stresses at 
the respective depth [kPa]; amax is peak horizontal 
acceleration at the ground surface generated by the 
respective earthquake [m/s2]; g is gravitational ac-
celeration [m/s2]; and rd is shear stress reduction 
coefficient considering the dynamic response of the 
soil at the respective depth z. Youd et al. (2001) rec-
ommended applicable correlations rd = f(z) to esti-
mate the average values of rd.

The Cyclic Resistance Ratio (CRR) expresses 
the capacity of soil to resist liquefaction. To avoid 
the difficulties connected with sampling and labo-
ratory cyclic testing, CRR is usually correlated to 
an in-situ test parameter such as SPT blow counts. 
Since SPT resistance is influenced by a number of 
test procedure details (rod lengths, hammer energy, 
sampler details, borehole size) and by effective 
overburden stress, the correlation to CRR is based 
on corrected or normalized SPT blow counts N1(60). 
In case of cohesionless soils with more fines con-
tent, additional correction is applied to N1(60). The 
detailed evaluation of N1(60) considering the respec-
tive correction factors were presented by Youd et 
al. (2001), Idriss and Boulanger (2010), and others. 
Details for the estimation of CRR can be found in 
Youd and Idriss (1997). The correlation of CRR 
with N1(60) is developed for a reference magnitude 
M = 7.5 and σ′v0 = 100 kPa. For any other value of 
M and σ′v0, the CRR is determined by the following 
equation:

                                                 ,

where: CRRM = 7.5 is Cyclic Resistance Ratio for  
M = 7.5 and the corresponding N1(60) in the respec-
tive depth; MSF is correction factor for magnitudes 
different from M = 7.5; kσ is overburden stress cor-
rection factor (for stress >100 kPa); and kα is ground 
slope correction factor.

Substantially, the described methodology is in-
corporated in the software code NovoLiq (Version 
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4.0.2021.212), which is designed for soil liquefac-
tion analysis of a multilayer profile during seismic 
impact. This software product is applied in the cur-
rent study for assessment of the liquefaction poten-
tial of loess from the Danube lowland areas in North 
Bulgaria.

According to EN 1998-5:2004, a soil should be 
considered susceptible to liquefaction under level-
ground conditions whenever the earthquake-induced 
shear stress exceeds a certain fraction of the critical 
stress known to have caused liquefaction in previ-
ous earthquakes. The recommended value is λ = 0.8, 
which implies that the minimum value of the safety 
factor against liquefaction is FSL = 1.25. The value 
ascribed to λ in the National Annex of Bulgaria to 
Eurocode 8 (EN 1998-1/NA. 2012) is λ = 0.75, which 
correspondents to FSL = 1.33. This way, the uncer-
tainties of the field procedure, in which no partial 
factors are applied to the in-situ resistance parameter 
N1(60), are taken into account (Fardis et al., 2005).

ANALYZED GROUND PROFILE AND SOIL 
CHARACTERISTICS

In the current study, a ground profile representative 
of the first loess river terrace (T1) within the Danube 

lowland areas was analyzed. Details of this ground 
profile are shown in Fig. 3. From the surface down 
to 10 m depth, the soil profile comprises typical 
loess, which classifies, according to ASTM D 2487 
(USCS) USCS, as CL – lean clay. The fines content 
(<0.075 mm) is 96–98%. In general, it consists of 
only silt particles, with no clay (<0.002 mm) parti-
cles. In the interval of 10 m to 12 m, more clayey 
loess is situated, which is also classified as CL – lean 
clay. Its fine content is similar (about 95%), but it 
usually comprises up to 10% clay (<0.002 mm)  
particles. Practically, the loess is typical low plastic-
ity silt soil with LL in the range of 30–33% and PI of 
10–12%.

Below the loess complex, alluvial sediments lie, 
with a thickness of about 7 m, from 12 m to 19 m 
depth. They consist of gravelly sand with silt, and 
below them coarse gravel is situated. The substra-
tum of Quaternary deposits is the Pliocene firm to 
stiff clay starting from a depth of 19 m.

The SPT values correspond distinctly to the 
ground profile (Fig. 3). In the loess, NSPT values (in-
situ values without corrections) are between 5 and 
8, while in the clayey loess they are in the range 
of 13–15. In the alluvial deposits situated between 
12 m and 19 m depth, the NSPT values increase to 
22–30 in the gravelly sand with silt, and to 35–54 

Fig. 3. Analyzed ground profile and soil characteristics.
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in the coarse gravel. In the Pliocene clay, the NSPT 
value is 25. It must be noted that the NSPT values 
were obtained by standard penetration tests follow-
ing the ASTM 1586 requirements. The tests were 
performed by automatic hammer drop systems with 
a split-barrel sampler without liner in boreholes 
with 200 mm diameter and metal casing.

The ground water table (GWT) normally varies 
between 7 m and 8 m below the ground surface, de-
pending on the water level of the Danube River. It 
has to be pointed out that the loess is usually satu-
rated several meters above GWL due to the strong 
capillary forces in it.

RESULTS AND DISCUSSION

The corrected SPT blow counts N1(60) versus depth 
and the respective Dr are shown in Fig. 4a, b. It can 
be seen that, down to 10 m depth, the relative den-
sity Dr of loess is below 60%, which indicates sus-
ceptibility to liquefaction.

The stress reduction coefficient rd, depending on 
the depth z, is presented in Fig. 4c, and the total σv0 
and effective σ′v0 vertical overburden stresses acting 
at the respective depth are plotted in Fig. 4d.

CRRM = 7.5 in the respective depth was computed 
by the calculation method of Youd and Idriss (1997) 
and Youd et al. (2001), incorporated in NovoLiq. 
CRR is estimated for an earthquake with a magni-
tude of M = 7.0, which is assumed as an equivalent 
magnitude for the region of Northwest Bulgaria un-
der the impact of the Vrancea seismic zone situated 
at a distance of 240 km. The MSF value is estimated 
to 1.193.

CSR is determined for free field conditions 
at varying peak ground accelerations (PGA) amax 
in order to assess the alteration of the safety fac-
tor against liquefaction. The CSR and CRR results 
versus depth obtained at selected accelerations are 
shown in Fig. 5.

The safety factor against liquefaction FSL is es-
timated by the same calculation method at the re-
spective depths in a one-dimensional model of the 
analyzed ground profile. The results obtained are 
shown in Fig. 5a at amax = 0.20g, in Fig. 5b at amax 
= 0.22g, and in Fig. 5c at amax = 0.26g. It must be 
noted that NovoLiq uses an upper limit of 3.0 when 
calculating FSL by the method described by Youd 
and Idriss (1997) and Youd et al. (2001). In this 
case, it concerns the coarse gravel layer situated at 
depths below 14.0 m.

Fig. 4. Corrected (normalized) SPT blow counts N1(60) (a), relative density Dr (b), shear stress reduction coefficient rd (c), and total 
and effective vertical overburden stresses (d) vs depth.
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In Table 2, the FSL values for the depth interval 
of loess layers below GWT, i.e., from 7 m to 12 m, 
are given. It can be seen that, for seismic action 
with PGA of 0.20g, FSL ≥ 1.25 in the whole inter-
val. Thus, according to EN 1998-5:2004, liquefac-
tion will not occur at the particular seismic impact. 
Considering the national requirement to Eurocode 
8 (EN 1998-1/NA. 2012), liquefaction is possible 
to occur only in the interval of 0 m to 10 m, where 
FSL < 1.33.

At amax = 0.22g in the depth interval of 7–10 m, 
i.e., in the typical silty loess, FSL is in the range of 
1.13–1.34. This means that, according to the theo-
retical assumptions of the applied simplified pro-
cedure, liquefaction of the loess is unlikely (FSL > 
1.0), but considering some uncertainties of the field 
procedures it is possible to occur. In compliance 
with the requirements of EN 1998-5/NA 2012 Eu-
rocode 8, at amax = 0.22g liquefaction of the loess is 
possible to occur in the interval of 8–10 m, where 
FSL < 1.33.

In the case of amax ≤ 0.26g, FSL becomes around 
or lower than 1.0 in the depth interval of 8–10 m, 
which shows that liquefaction of the immersed silty 
loess is likely for the particular seismic action.

CONCLUSIONS

The liquefaction potential of loess in a ground pro-
file representative of the first loess river terrace (T1) 
within the Danube lowland areas in North Bulgaria 
is evaluated by the so-called simplified procedure, 
based on SPT for identification of potentially lique-

Fig. 5. Cyclic Resistance Ratio (CRR), Cyclic Stress Ratio (CSR), and factor of safety factor against liquefaction FSL vs depth for: 
amax = 0.20g (a); amax = 0.22g (b); and amax = 0.26g (c)

Table 2
Factors of safety FSL for saturated loess deposits

La
ye

r

D
ep

th
, 

m FSL at amax

0.20g 0.22g 0.26g

Lo
es

s

7 1.47 1.34 1.13

8 1.34 1.21 1.03

9 1.33 1.2 1.02

10 1.25 1.13 0.96

C
la

ye
y

lo
es

s 11 1.64 1.49 1.26

12 1.74 1.58 1.34
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fiable soils and assessment of liquefaction hazard. 
The analyzed loess is a typical low-plasticity silty 
soil with fine content 96–98% (without clay frac-
tion), LL = 30–32%, and PI = 10–11%.

The analysis is performed by the NovoLiq soft-
ware applying NCEER Workshop-1997 calculation 
method for a seismic action with a magnitude of 
M=7.0 which is assumed for an equivalent mag-
nitude for the region of Northwest Bulgaria under 
the impact of the Vrancea seismic zone. The safety 
factor against liquefaction FSL is estimated at the 
respective depths in one-dimensional model of the 
ground profile for a free field conditions at varying 
peak ground accelerations amax in order to assess the 
alteration of the FSL. The following conclusions can 
be drawn:

• the analyzed saturated loess is liquefiable at 
amax ≥ 0.26g (FSL < 1.0);

• at amax = 0.22g, according to the assumptions 
of the applied simplified procedure, lique-
faction of the loess is unlikely but possible, 
considering the uncertainties of the field tests. 
FSL is in the range of 1.13–1.34, and in com-
pliance with the requirements of the National 
Annex of Bulgaria to Eurocode 8 (EN 1998-1/
NA. 2012) liquefaction of the saturated loess 
is likely to occur;

• at amax ≤ 0.20g, according to EN 1998-5:2004, 
liquefaction of the analyzed loess cannot be ex-
pected to occur at the particular seismic impact.
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